Abstract: Economic development and urbanization poses myriad challenges to transportation systems in relation to negative externalities such as traffic congestion and environmental health risks. Accra, the capital of Ghana, faces mounting urban planning problems, for example traffic congestion, air pollution, traffic safety, and land use planning, among others. The paper aims to provide a system dynamics perspective of the problems. Most of the drivers and cause-effect relationships of traffic congestion and its attendant air pollution are investigated and analyzed using causal loop diagrams. The paper further suggests mechanisms by which the negative externalities associated with road transport in the city of Accra can be addressed.
Introduction
The connection between traffic congestion and air pollution has received much attention in sustainable development discourse. Particularly in developing countries, where car ownership is still comparatively low, the issue is a source of intense debate. In this paper, we explore the link between traffic congestion and air pollution in the city of Accra, Ghana. The paper is organised into six parts.
OPEN ACCESS
First, we introduce the paper with an outline of traffic congestion in Accra and its underlying drivers. Then as part of the introduction, we give a brief overview of the levels of atmospheric pollutants in the ambient environment of Accra; and motivate the use of systems dynamics to explore the link between traffic congestion and air pollution. The study is then contextualized and Accra is compared with other cities in the developing world. The next two sections are devoted to analysis of the situation in Accra using causal loop diagrams. The fourth and fifth sections capture suggestions on how the problem can be managed. Finally we conclude the paper by highlighting the policy instruments that must be put in place to address the issue of traffic congestion and its attendant air pollution. Accra (5° 33′ N and 0° 13′ W) is the capital city and main administrative and commercial centre of Ghana. Accra's population is growing at a nearly 4% growth rate with attendant traffic congestion and air pollution [1] . Accra had a population of 1,659,000 in 2000, while the populations of the two urban centres adjacent to it were: Tema 506,000 and Ga 550,000 [2] . It is estimated that the combined effect of growth and migration will increase the population of the three areas to just under 4 million by 2013, and by 2023 the combined population of the three assemblies (Accra, Tema and Ga) will exceed 5 million. Population growth and increasing rates of car ownership are expected to increase the number of cars in the area from 181,000 in 2004 to over 1 million in 2023 [2] . Under the prevailing conditions less than 5% of the population of Ghana own private motor vehicles [2] . Over 50,000 vehicles per day at certain points have been recorded for Accra during weekends [2] . On a typical weekday 270,000 vehicle trips are made into, or out of, the Accra central area [2] . Approximately 1.3 million passenger trips per day are estimated to enter or leave the area within the Accra Ring Road and 1.6 million passenger trips into or out of the area within the motorway extension [2] . Almost 84% of these passenger trips are made by public transport [2] . Over half (56%) of daily passengers are carried by mini vans, and a further 15% by taxi [2] . Approximately 1 million passenger trips are made each day into and out of the central area of Accra using mini vans and taxis [2] . These vehicles are inefficient in terms of the amount of road space used, and congestion caused, to transport each passenger. Congestion is a major problem on arterial routes with 70% of major roads operating at unacceptable level of service at some time during the day (<20 km/h) [2] . Considerable scope therefore exists to improve the efficiency of people movement through a shift from low capacity public transport vehicles to large and double-decker or articulated buses with the potential to carry over 100 passengers. Government control over the operation of public transport is very limited; however, the private operations are strictly controlled by trade unions. The overall quality of public transport is poor, most vehicles are old, and maintenance standards are extremely low. High vehicle maintenance costs arising from poor road surfaces and limitations imposed on earnings by the acute congestion on the urban roads constrain the operators to invest in new public transit vehicles, a situation which has implications for the levels and extent of emissions of air pollutants and the effect on human health [1] [2] [3] .
Thousands of studies have been undertaken to examine the link between environmental pollution and health. The extent to which environmental pollutants affect human health depends on socio-economic factors, levels of epidemiological surveillance and the extent of environmental contamination [4] [5] [6] . While there are many uncertainties as to some of the precise mechanisms involved in connecting human health impacts and pollutants, a number of studies have demonstrated strong links. Among the best-described impacts is the impact of airborne lead on human health. Lead was originally added to petroleum products (now banned in most parts of the world as a petrol additive) to reduce engine knocking and increase combustion efficiency. In Ghana it is no longer used for this purpose. The Environmental Protection Agency of Ghana (EPA-Ghana) in collaboration with the United Nations Environment Programme (UNEP) and the United States Environmental Protection Agency (USEPA) set up the first comprehensive air quality monitoring programme between March 2005 and December 2008. The pollutants measured for roadside locations include Carbon monoxide (CO), particulate matter 10 (PM 10 ), sulphur dioxide (SO 2 ), Nitrogen dioxide (NO 2 ), lead (Pb) and Manganese (Mn). A total of 745 roadside samples were collected. Seventy-five percent exceeded the EPA-Ghana 24-hour PM-10 air quality guideline of 70 µg/m 3 , and 87% exceeded the WHO Air quality guideline for 24-hour PM 10 of 50 µg/m 3 [7] . There is significant reduction in the roadside lead levels from a range of 2-188 µg/m 3 in ( EPA-Ghana guideline of 1.0 µg/m 3 . SO 2 concentration measured at the roadside locations were below the 24-hour EPA guideline of 38.4 ppb for residential and 57.5 ppb for industrial areas while 30% of the SO 2 concentrations measured at the roadside sites exceeded the 24 hr WHO guideline of 8 ppb [7] . NO 2 concentrations measured at roadside sites were below the 24-hour EPA-Ghana guideline of 79.5 ppb. However, 5% of samples collected at the roadside locations exceeded the 24-hour EPA-Ghana guideline of 32 ppb for residential areas, while, 40% of NO 2 samples collected at the roadside sites exceeded the annual WHO guideline of 20 ppb [7] . Four percent of samples collected at the ten sampling sites exceeded the 8-hour WHO guideline of 50 ppb. The CO concentration ranged from 0.174-4.196 ppm. Results for the roadside locations were below the 8-hour EPA-Ghana and WHO guideline of 10 ppm. Though ongoing, the interim conclusion of the monitoring programme was that roadside locations have high levels of PM 10 compared with residential, industrial and commercial areas [7] . PM 10 levels measured during the dry season are far higher than that measured during the wet season. NO 2 and SO 2 concentrations recorded at the roadside sites were higher than that at the permanent sites. At present, lead and manganese do not seem to be a major issue in Accra's ambient air quality [7] . City planners have typically attempted to reduce traffic congestion and its attendant air pollution by expanding road infrastructure and improving existing ones. But over the years, this approach has met with policy resistance. One factor which features prominently in the discussion is the fact that city planners formulate policies based on event-oriented open (unidirectional) mental models which eventually leads to policy resistance. There is the need to develop in a stepwise process an improved understanding of how the change in traffic volume and the improvement of highway capacity are linked in a number of interacting self-reinforcing feedback loops to understand the problem of policy resistance and the effect that more roads lead to an increase in congestions. This improved understanding can be achieved through systems dynamics. Traffic congestion-air pollution problems are not only very complex, but they also manifest themselves at different spatial scales [8] . Capturing the space and time dimensions of complex problems of this nature, calls for tools such as system dynamics which have the unique capacity to analyze cause-effect and feedback relations across spatio-temporal scales [9, 10] . The choice of systems dynamics emanates from our quest to understand the overall dynamics of the pollution problem by considering the road infrastructure, traffic congestion, air pollution and various stakeholders as one system of interacting parts over time and space.
Aims and Objectives
The paper aims to:
 Provide a system dynamics perspective of the problem of traffic congestion and air pollution in Accra.  Examine the cause-effect relations, delays and feedback loops in the system that serve to generate policy resistance  Propose policy strategies to address the issue within a long time horizon
The Context
A number of institutional reforms across spatial-temporal scales have occasioned the present transport situation in Ghana. The reform process of the transport sector in Ghana dates back to the early 1970s. In the wake of a study commissioned to propose ways to improve the construction and maintenance of roads, Decree 298 (1974) established the Ghana Highway Authority (GHA) under the Ministry of Works and Housing. The GHA was given responsibility for the administration, development, and maintenance of all public highways and related facilities in Ghana [11] . Urban roads were managed by city and municipal councils under the Ministry of Local Government. These changes reduced the number of institutions responsible for roads to only five agencies under two ministries. The adoption of structural adjustment policies including liberalisation of the economy, following the virtual collapse of the economy in the early 1980s, led to significant improvement in transport and the importation of fleets of vehicles both new and slightly used ones [12] . By 1981, further institutional consolidation took place. All feeder roads were placed under the Department of Feeder Roads (DFR) within the Ministry of Works and Housing. In 1982, a new Ministry of Roads and Highways (MRH) was formed from the previous Public Works Department. GHA and DFR were moved, and placed under the authority of the new ministry. In 1988, the responsibility for urban road maintenance was shifted from the local authorities (under the Ministry of Local Government) into the newly created Department of Urban Roads (DUR) in the Ministry of Roads and Highways. Thus, by the end of the 1980s, the institutional structure that exists today was in place, consisting of a single ministry, the Ministry of Roads and Highways, with three specialized agencies that manage Ghana's almost 30,000 km road network [11] . The process of this institutional development was decidedly evolutionary, determined along the way by various political, social and economic demands of the time. Thus, it could be argued that the current institutional structure is less the result of a planned reform process, than a relatively efficient result of fortunate circumstances. The creation of the Ministry of Roads and Highways elevated road sector issues to the cabinet level, thereby providing leverage for budget financing through the Ministry of Finance. The MRH provides unified planning, policy formulation, implementation, and monitoring the sector. Ghana has one of the oldest road funds in Africa. The Ghana Roads Fund was established in July 1985, and was updated by the 1996 Ghana Highway Authority Act [11] . The main objective of the road fund is to finance routine and periodic maintenance of roads, including assistance to the metropolitan, municipal, and district assemblies in maintaining roads. The fund is financed principally by a fuel levy, with small additional revenue derived from vehicle inspection fees and tolls from roads and bridges.
In many ways, however, Accra epitomizes an automobile dependent society. Automobile dependency is a concept that refers to transportation (technology) and land use patterns (geography) resulting in high levels of automobile use and reduced transport options [13, 14] . Within the context of this paper, automobile dependency means abundant use of cars due to lack of other transport options or due to insufficient incentives to use alternative modes of transport. Thus, an automobile dependent society like Accra may have a multi-modal transport system in place but at the same time some factors (insufficient incentives) cause a higher use of cars. These factors are numerous and differ in nature: objective factors may be for example prices (expensive public transport together with low costs of petrol and parking), low reliability or simply non-existence of alternative public transport (as in the virtual collapse of the Accra rail system); subjective factors can be for example comfort or manifestation of social status (prestige).
How Does Accra Compare to Other Cities in Developing Countries
The urban transport system in Ghana particularly in Accra, is characterised by the congested central areas of the cities, poor quality of service from public transport operators, high exposure to road accidents, and poor environmental standards [15] . This is seen in long commuting times and journey delays, lengthy waiting times for public transport both at and between terminals, high accident rates, and localised poor air quality [16] . Nevertheless this situation is not restricted to Ghana. In other cities of developing countries across Asia and South-America such as Hanoi, Bogota and Santiago, the circumstances are exacerbated [15] [16] [17] [18] . The dire traffic congestion situation is even worse in megacities such as Bangkok, Manila, Sao Paulo, Shanghai and Mexico City [18, 19] . The extent of traffic congestion in these cities is a continuum with the megacities concentrated to one end of the congestion extreme [19] . In addition to the afore-mentioned characteristics, poor vehicle condition and poor infrastructure for non-motorised modes epitomizes Dar-es-Salaam and Hanoi [17, 20] . Rapid urbanisation is one of the reasons for the poor state of public transportation in the aforementioned cities. As population continues to increase and as the city continues to sprawl, more people live and work in the city and make more trips within the urban area, often over longer distances. Consequently, the limited capacity of existing transport infrastructure is stretched to the limit and thus, it has become a constraint to cope with the public demand for travel [17] .
System Dynamics and Application to Traffic Congestion
The application of system dynamics to transportation and traffic congestion in particular, is well documented in the literature [21] [22] [23] . System Dynamics is a discipline that emerged in the late 1950s, as an attempt to address dynamically complex long term policy issues in the public and private domain [24] . It is grounded in the theory of nonlinear dynamics and feedback control developed in mathematics, physics and engineering. One reason for the requirement for simulation based analysis of the traffic congestion-air pollution problem is the dynamic complexity of the real world. It is said, the real world is a multi-loop, multi-state, non-linear feedback system that reacts to the decision makers' actions in ways both anticipated and unanticipated [25] . That is, the effects of our actions can appear at a distant point in time and space and even with unintended consequences. The elements of dynamic complexity that masks our individual and organizational decision making skills are typically classified as: feedback, non-linearity and time delays.
It is applied to the behavior of human as well as physical and technical systems; thus, system dynamics draws on cognitive and social psychology, economics and other social sciences as well [15] . Since its early application such as Urban Dynamics [26] , World Dynamics [27] and Limits to Growth [28] , applications on environmental resource management and transport in particular had continually increased [29] . Dynamic problems are characterized by variables that undergo significant change in time. The defining property of a dynamic problem is not merely the variables being dynamic. More critically, in a system dynamics problem, the dynamics of the variables must be closely associated with the operation of the internal structure of some identifiable system [24] . It is said that the dynamics is essentially caused by the internal feedback structure of the system. The -structure‖ of a system is the totality of the relationships that exist between system variables. The structure of a system operates over time so as to produce the dynamic behavior patterns of the system variables over time. For a real system, the structure is not exactly known. For a -model‖ of the real system, as in this case, the structure is a representation of those aspects of the real structure that we hypothesize to be important for the problem of interest. For instance, although over speeding on good roads have led to increases in prevalence of accidents; it will not be discussed in this paper because we do not consider it to be part of the traffic congestion-air pollution system. Any system (model) structure consists of causal relations among its variables. A causal relation means that, the input variable has a causal influence on the output variable as shown in Figure 1 where city planners in the business-as-usual manner expand the road infrastructure in order to increase highway capacity. All else being equal, a plus sign (+) over an arrow from X to Y implies that if X increases so does Y, or if X decreases Y also decreases. A minus sign (-) indicates an inverse effect. The (+) sign indicates only that changes are reinforced-it does not mean that the effects are necessarily good. The (-) sign indicates only that changes are resisted-it does not mean that the effects are necessarily bad. The double line on the arrow linking road construction and highway capacity represents a delay in the system. Delays occur in all systems; it may be of the order of seconds, minutes, hours, months, years, etc. In this case, the delay is of the order of years. In Figure 1 due to the two counter-acting processes the pressure to reduce congestion increases and results in a closed loop to reinforce the need for road construction. There is a compensating feedback as response to the decreased congestion as far as the behaviour is concerned. Driving on the road becomes more attractive. People use less public transport which becomes less attractive since services go down. Hence in the end the whole system is caught in a feed back structure where public transport degrades, traffic increases and in the end congestion increases more and more.
Analysing the Traffic Congestion in Accra

Traffic Congestion and Policy Resistance
The dynamics of traffic volume is critical to understanding policy resistance and the emergence of unintended outcomes. Figure 2 illustrates the loops that feed into the dynamic complexity of the traffic congestion situation in Accra. In Figure 2 , the desire of the population to reduce travel time increases the pressure to reduce congestion. The desired travel time coupled with inadequate public transport in Accra increases the attractiveness of driving which in turn reduces patronage of public transport services. An increase in the attractiveness of driving leads to corresponding increases in trips per day and average trip length. These two factors feed into increased traffic volume. There is a delay in reduction of patronage of public transport arising from the fact that it takes a while for individuals to change their lifestyles and also because most individuals can not afford to buy cars when income levels are low. GDP and livelihoods take considerable time to improve; therefore the shift from public transport to personal cars arising from improved income levels is gradual and often goes unnoticed. This leads to an increase in cars per person. Eventually, the number of cars in the Accra metropolis increases, which in turn leads to an increase in traffic volume. Therefore, even though the original goal was to reduce traffic congestion, the outcome indicates that the feedback loops rather serve to reinforce the problem.
Traffic Congestion and Health Risks
A third dimension of the traffic congestion problem arises when air pollution levels increase due to increases in traffic volume and road expansion as shown in Figure 3 . Figure 3 , the environmental impact due to traffic congestion is on the rise. Air quality in Accra is a health risk. The levels of heavy metals (Pb, Cr, Ni, Cd, and V), NO x , and SO 2 emitted from exhausts of motor vehicles along roads in Accra are relatively high compared to other roads where traffic volume is low [1] . Pb is persistent therefore it is not surprising that it exists in the roadside environment though it is no longer in use as an octane enhancer. Additionally, expansion in roads leads to the emission of particulate matter which negatively affects the respiratory tract. Within the past 10 years, the Government of Ghana has constructed three major highways (Accra-Kumasi, Accra-Yamoransa, Accra-Aflao) and a significant number of minor roads in response to its commitment to the Trans ECOWAS (Economic Community of West African States, regional group consisting of 16 countries founded to foster economic and political integration) Highway policy which seeks to link all the member states by road in order to facilitate trade, investment and regional integration. Within Accra, the Government has in addition constructed three major intersections with a view to meeting the demand for more highway capacity. Significant levels of suspended particulate matter have consequently been released from the construction of these roads. In most cases, no measures were put in place to mitigate the impact of the particulate matter on road users. The health risks and inconvenience that road users endured during the construction of the roads seem to have been in vain because traffic congestion has worsened. In fact, all car users whether private or public interviewed on the Tetteh-Quarshie Interchange, Accra, the largest intersection constructed by the Government in 2007, indicated that their travel time regardless of their destination has increased since the interchange was completed. Some of the interviewees further indicated that their travel time has doubled. We found that individuals using public transit (mini vans and taxi) often had to disembark and continue their journey on foot because it was efficient than remaining in the public vehicles caught in stagnant traffic. This finding was confirmed by [2] . In order to validate the road expansion, traffic congestion and air pollution model, we randomly interviewed 500 individuals in Accra that constitute different stakeholder groups (public transport owners and users, private car owners and users, urban planners, city authorities, the Ministry of Transportation, pedestrians and road contractors, among others). Table 1 summarises the interviews. Table 1 . Summary of the indicators used in the survey of transport sector stakeholders.
Aspect
Indicator name Perception Economic  Average time taken for a home-work journey  Average distance for a home-work journey  Average Travel time to formal and informal places of work in Accra  Level of affordability of transport as a % of income by urban poor  Level of fuel prices  Percentage of Accra dwellers travelling to places of work by foot  Proportion of individuals which report transport as a major obstacle to employment  Proportion of individuals who report transport as an obstacle to markets  Proportion of residents that chose place of residence with transportation as major consideration 2 hours 20 kilometers 2 hours. More than 80% indicated that an increase has occurred About 60% said that it is low All respondents said it is high 30% 55% 17%
74%
Health  Average distance to the nearest health facility from home  Average travel time to the nearest health facility from home  Environmental impact identified by audits of transportation programs undertaken. 
Ways in Which to Address Negative Externalities of Road Transport in Accra
Often city planners view urban planning as a very different issue from transport planning, transport planning as very different from environmental planning, public transport as very different from emissions control, and so forth. One widely used and long-established approach for emissions analysis is to view emissions in relation to travel volume, fuel efficiency, and vehicle stock [30] . In this framework, emissions are viewed as a vehicle problem, mostly technical in nature. This pulls policymakers in developing countries such as Ghana towards short-term solutions, which often serve the interests of the political establishment. Understanding the urban transport-energy-environment conundrum is more complex than it may seem. The issues to be addressed range from urban planning to emissions control, present to future, local to global environmental issues, technical to human behavior issues, regulation to volunteerism, and a complex interplay of stakeholders from ordinary citizens to the private sector to different levels of government. Measures that fail to capture these issues are likely to encounter policy resistance. It may be necessary to consider the interaction of activity, structure, energy intensity, and fuel factors in dealing with the problem. Each of these components is affected by various factors, such as prices, policies, and technologies [31] . Table 2 shows a few of the factors that affect activity, structure, intensity and fuel factors and related challenges in the city of Accra.
For policymakers, behavioral and lifestyle factors govern Activity and Structure, while technology factors govern Intensity and Fuel factors. A reasonable balance between interventions in Activity and Structure on the one hand and Intensity and Fuel factors on the other hand, though necessary, is rarely found. The problem with too great a focus on Intensity and Fuel factors is that Activity and Structure issues are increasing very fast in Accra. The number of car use has doubled in Accra within the last five years. Even if these vehicles are relatively clean, their impact in terms of both increased distances traveled and increased pollution/passenger-km compared with bus (not to mention non-motorized transport modes) means that overall pollution from transport can be rising even if actual vehicles (and their fuels) are improving.
Proposal of Policies to Solve the Traffic Congestion in Accra
It is evident that the mechanisms that Accra city planners used to solve traffic problems of yesteryears have become the traffic problems of today. There is no panacea to the traffic congestion-air pollution problem in Accra. However, a number of measures can be employed to solve the situation both in the short-and long term. These measures fall within three broad categories: government policy and planning, travel demand management, and supply management.
 Government Policy and Planning
A cursory look at Figure 3 indicates that population growth arising from urbanization and economic development drives the increase in cars in the Accra metropolis. The root cause namely urbanisation has to be rigorously tackled by making the phenomenon unattractive. Cars are inefficient in terms of the amount of road space used, and congestion caused, to transport each passenger. This means that Government policy and planning has to put economic and policy instruments in place to control further increases in car use while concomitantly stimulating the shift to a public transportation system. For Accra, bus service is the most appropriate means of public transport in the short to medium term. Over the past 8 years, the bus system has improved with the introduction of intercity and metro mass transit bus services but there is still a gap to meet before attaining the desired bus service. The light railway transit system would be an appropriate alternative in the future. Improving traffic condition and environment for pedestrians would be the first priority to increase public ridership.
 Travel Demand Management
Again, Figure 3 shows that a number of variables feed into travel demand: attractiveness of driving, trips per day, average trip length, and number of cars. A travel demand management system needs to be set up in order to contain the potential increasing number of cars. Many alternatives to control the number of private vehicles are proposed, for example, import tax, car registration fee, vehicle owner fee; different prices of petrol for public and private vehicles, a policy that allows every family to possess only one vehicle.
Other alternatives to limit road use for private vehicle include the following: toll fee, high parking fee, parking prohibition, among others. It must be mentioned that some of these measures are already in place. However, the effectiveness of the measures in eliciting the needed response is subject to question primarily because of weak institutional and enforcement capacities of the monitoring agencies.
 Supply Management
Capacity of transportation system in general and road network specifically will invariably expand. Transportation land use in Accra is limited. Government is making frantic efforts to meet international standards. This is underscored by its commitment to the Trans ECOWAS Highway project which seeks to link all the member states by road in order to facilitate trade, investment and regional integration. Transportation planning would therefore be a key answer of the development process. The national transport policy which details the transportation system development of Accra was approved by the government in 2001; however, it is a big capital investment that is beyond the financial capacity of the government of Ghana alone. Therefore, the participation of multi-economic sectors in road network construction has to be vigorously encouraged.
Conclusions
Economic development and urbanization poses myriad challenges to transportation systems in relation to negative externalities such as traffic congestion and environmental health risks. However, sustainability dictates that the present generation should not compromise the capacity of future generations to meet their needs; a requirement that makes it imperative to deal with the traffic congestion-air pollution nexus head-on. To deal with traffic congestion, many solutions have been proposed in a number of previous studies but with marginal success because the problem was not considered as a system of interacting parts in space and time. In this paper, system dynamics; an effective method was applied to identify related drivers, causes and effects of traffic problem in Accra. Through causal loop diagrams, alternatives were proposed to limit the effectiveness of negative loops. The goal is to stimulate public transport use while decreasing car use in the near future. Based on the analysis, policies mainly economic instruments were proposed to reduce traffic congestion in the city of Accra. Three main measures that policy makers could consider are development of a public transport system, road network expanding and enhancing, and travel demand management alternatives.
